[1] Integrated Ocean Drilling Program (IODP) Hole 1301A was drilled, cased, and instrumented with a long-term, subseafloor observatory (CORK) on the eastern flank of the Juan de Fuca Ridge in summer 2004. This borehole is located 1 km south of ODP Hole 1026B and 5 km north of Baby Bare outcrop. Hole 1301A penetrates 262 m of sediment and 108 m of the uppermost 3.5 Ma basaltic basement in an area of warm (64°C) hydrothermal circulation. The borehole was instrumented, and those instruments were recovered 4 years later. Here we report chemical data from two continuous fluid samplers (OsmoSamplers) and temperature recording tools that monitored changes in the state of borehole (formation) fluids. These changes document the effects of drilling, fluid overpressure and flow, seawater-basalt interactions, and microbial metababolic activity. Initially, bottom seawater flowed into the borehole through a leak between concentric CORK casing strings. Eventually, the direction of flow reversed, and warm, altered formation fluid flowed into the borehole and discharged at the seafloor. This reversal occurred during 1 week in September 2007, 3 years after drilling operations ceased. The composition of the formation fluid around Hole 1301A generally lies within bounds defined by springs on Baby Bare outcrop (to the south) and fluids that discharged from Hole 1026B (to the north); deviations likely result from reactions with drilling products. Simple conservative mixing of two end-member fluids reveals reactions occurring within the crust, including nitrate reduction presumably by denitrifying microbes. The observed changes in borehole fluid
Introduction
[2] Scientific oceanic drilling has documented alteration products of hydrothermal circulation within the basaltic crust in many locations [e.g., Alt, 2004] . This alteration has been attributed to inorganic water-rock reactions, and it is possible that subseafloor microbial communities contribute to this alteration as well [e.g., Bach and Edwards, 2003] . However, coring through the basaltic crust recovers only a fraction of the material penetrated, and there is a bias toward recovering more massive, less altered, intervals. Crustal alteration products and associated reactions also result in an altered fluid composition. Early attempts to collect pristine formation fluids generally failed because of contamination issues with surface and bottom seawater [e.g., Mottl and Gieskes, 1990] . The former is pumped as a drilling fluid, whereas the latter generally flows into open boreholes for weeks to years following drilling, if holes remain unsealed. More recently, pristine formation fluids have been collected from seafloor springs Wheat et al., 2002] , producing boreholes , and sealed, instrumented borehole observatories, known as "CORKs" [Davis et al., 1992; Wheat et al., 2003; Solomon et al., 2009] . [3] CORKs were developed so that contaminated boreholes could return to a more "natural" thermal, chemical, and microbial state [Davis et al., 1992] . Integrated Ocean Drilling Program (IODP) Expedition 301 drilled two new boreholes and installed CORKs within them and replaced the CORK in a third borehole on the eastern flank of the Juan de Fuca Ridge [Fisher et al., 2005a] . Each of these boreholes was instrumented with physical sensors, geochemical and microbial samplers, and microbial experiments. IODP Expedition 301 experiments were designed to determine hydrologic properties of the oceanic crust at various spatial and temporal scales, to measure the chemical and microbial composition in formation fluids at different depths within basaltic crust and along a flow path, to elucidate inorganic and microbial processes that control the composition of this crustal fluid, and to correlate these samples and observations with other information and samples recovered during drilling [Fisher et al., 2005b] . [4] We present results from a 4 year study of CORK chemical and thermal records from Hole 1301A. Similar to other continuous borehole chemical records [Wheat et al., 2003; Solomon et al., 2009] , initially, fluids within the borehole have a composition similar to seawater as a result of drilling operations. However, in contrast to previous records, these new data do not show a gradual progression toward the predrilling composition. Instead, we observed a gradual change during the first 3 years of the deployment, followed by an abrupt change in composition to one that is similar to those that vent naturally from nearby springs and boreholes. This long-term continuous record of chemical and thermal conditions in Hole 1301A allows us to determine hydrogeologic conditions within and around the borehole observatory, interpret tracer experiments, assess the magnitudes and rates of inorganic and microbially mediated reactions, and discover which dissolved chemical species are the most reactive in this setting. We suggest that many of the observed changes are analogous to pathways of chemical, thermal, and microbial evolution as seawater descends naturally into the crust, warms, flows laterally, and discharges on a ridge-flank hydrothermal setting.
Geologic Context
[5] Numerous physical and chemical surveys have been completed on 0.7-3.6 Ma seafloor on the eastern flank of the Juan de Fuca Ridge, including two drilling expeditions [e.g., Davis et al., 1997; Fisher et al., 2005a] . Ocean Drilling Program (ODP) Leg 168 completed operations along a transect of sites and installed four CORKs, including two at the western end of the drilling transect in Holes 1026B and 1027C (Figure 1 ). Hole 1026B was drilled where sediment thickness is 265 m above a buried basement high surrounded by thicker sediments deposited mainly during the Pleistocene, when sea level was lower and clastic sediment poured off of the North American continent [Underwood et al., 2005] . Basement rocks are exposed in this region primarily where off-axis volcanism created isolated basaltic edifices that have yet to be buried, namely, Papa Bare, Mama Bare, Baby Bare, and Grizzly Bare outcrops [Becker et al., 2000] . Hole 1026B is located ∼6 km north-northeast of Baby Bare outcrop and ∼10 km south-southwest of Mama Bare outcrop, penetrating the same linear basement ridge. This ridge is roughly parallel to (1) the active spreading center to the west, (2) faults exposed at the seafloor on Baby Bare outcrop, and (3) large normal faults near the base of the buried ridge [Becker et al., 2000] . About 50 km to the south-southwest lies Grizzly Bare outcrop, the largest feature and least well studied. Heat flow and seismic data around Grizzly Bare are consistent with hydrothermal recharge occurring through this outcrop Hutnak et al., 2006] , and chemical data are consistent with a north-northeasterly flow of formation fluids from Grizzly Bare outcrop to Baby Bare outcrop continuing to Mama Bare outcrop . The latter two outcrops are known sites of warm hydrothermal discharge.
[6] IODP Expedition 301 returned to this area in 2004 and drilled two new boreholes deeper into basement at Site 1301, replaced the CORK in Hole 1026B, and established two instrumented CORKs in Holes 1301A and 1301B. Hole 1301A is located ∼1 km south-southwest of Hole 1026B, above the same buried basement ridge, and penetrated 262 m of sediment and 110 m of upper basement. Hole 1301B was positioned just 36 m from Hole 1301A and penetrated ∼320 m into basement. Unfortunately, neither of the two CORK systems at Site 1301 was fully sealed at the seafloor during installation, and cold bottom seawater flowed into both boreholes for several years after drilling and observatory installation operations ceased. The long-term flow of seawater into Hole 1301B resulted in a pressure perturbation detected in Hole 1027C, 2.4 km away, providing the basis for interpreting crustal-scale hydrologic properties . Cold bottom water also flowed downhole 1301A for several years, but as described below, conditions in this borehole were dynamic, and downward flow slowed and reversed, allowing the borehole (formation) fluids to return to more natural thermal and geochemical conditions. [7] Fluid compositional data are derived from OsmoSampler (OS ) packages, which provide a continuous record of fluid composition during the deployment. Packages were deployed on a cable in cased boreholes, as part of an instrument string of sensors and samplers (Figure 2 ). The assembly of OS packages placed in Hole 1301A consisted of (from bottom to top) a sinker bar, OS packages, a bottom seal, spectra line, a middle sinker bar, more spectra line, and a top seal [Fisher et al., 2005b] . This configuration placed the OS packages within the basaltic formation below an inflatable packer element set in casing near the top of basaltic basement. However, because of hole instability during observatory installation, all of the OS packages in Hole 1301A were placed inside perforated 11.3 cm diameter low-alloy steel casing that extends 29.7 m below the sediment-basalt interface. The end of the casing is open and secured with a cross pin. Thus, although the outside of the 11.3 cm diameter steel casing was exposed directly to formation fluids and the nearby rock wall of the borehole, the OS packages were deployed within (and surrounded by) this perforated steel casing.
Methods
[8] Four OS packages were deployed in Hole 1301A [Fisher et al., 2005b] . Each OS package consisted of one or two osmotic pumps that pulled in borehole fluids at a rate that depends on the number of osmotic membranes, temperature, and salt gradient . These packages also contain a series of small-bore tubing for sample collection or acid/tracer injection. The Figure 2 . Schematic of the CORK installation at IODP Hole 1301A and a smaller rendition that is drawn to scale in the vertical direction. Hole 1301A was drilled through 262.2 m of sediment and 107.5 m of basalt. The CORK (borehole observatory) has a packer at 270 m below the seafloor (mbsf) within the 27.3 cm casing and extends only to 291.9 mbsf because of hole instability. This leaves ∼78 m of 37.5 cm diameter hole below the CORK, much of which is filled with basalt rubble. The bottom portion of the CORK casing, where the OS packages reside, is perforated. Red arrows depict possible fluid flow paths, including between the casing string which lacks a mechanical seal, through perforated casing, and between the borehole and formation. combination of pumps and tubing comprise four different arrangements: gas OS, microbial OS, tracer OS, and acid addition OS. The gas OS used a single membrane within the pump to pull formation fluids into copper tubing. Similarly, the microbial OS used a single membrane to pull formation fluids through a series of rock substrates [e.g., Fisher et al., 2005b; Orcutt et al., 2010] . The tracer OS was designed to collect borehole fluids in Teflon tubing and to pump a tracer into the borehole for hydrologic studies. The acid addition OS also was designed to collect borehole fluids in Teflon tubing; but these fluids are diluted in line with a solution of HCl. Thus, the tracer OS is best for analysis of the major ions in seawater including chlorinity, and the acid addition OS is ideally suited for those elements that may oxidize (e.g., Fe), precipitate, or be removed by oxide particles upon storage at depth, recovery and sample handling.
[9] Data from the tracer and acid addition OS packages are the focus of this study. The tracer OS consisted (from bottom to top) of several Teflon tubing coils, a pump, and several more Teflon tubing coils. The bottom coils were initially filled with distilled water and the top coils were filled with a tracer solution (Cs, Yb, and Tm). Thus, the tracer OS drew borehole (formation) fluids into the bottom small-bore Teflon tubing, pulling distilled water into the pump. The pump then expelled the salt brine into the top series of Teflon tubing that was initially filled with a tracer solution, expelling the tracer solution into the borehole at the same rate of sample collection into the lower Teflon coils. In contrast, the acid addition OS consisted of (from bottom to top) a pump, a Teflon coil filled with a solution of subboiled 6N HCl, a tee with one opening to borehole fluids, several Teflon coils filled with distilled water, and a pump. The lower pump in the acid addition OS drew borehole fluids directly into the distilled water chamber. The expelled brine from this lower pump was injected into the small-bore Teflon tubing filled with dilute acid. This caused the acid to be expelled from the tubing into the tee junction with the other inputs to the tee open to the borehole and to the other Teflon sample coils. The uppermost pump drew fluids at a rate that was ∼10 times faster than the lower pump that expelled the acid, resulting in a fluid sample within the Teflon sample coil that is diluted by ∼10%. This 10:1 ratio was achieved by using membranes with different properties in the two pumps.
[10] Once the OS packages were recovered, each of the Teflon sample coils was disconnected and sealed. Coils were processed by cutting the Teflon tubing into 1.25 m long segments and expelling the fluid contained within each segment (∼1.4 ml) into 1.5 ml acid washed HDPE centrifuge tubes. In addition, discrete samples were collected from Hole 1301A by pumping borehole fluids up a stainless steel tube that extended to depth below the CORK casing packer, and by sampling fluids that discharged as a result of natural formation overpressure when we recovered the borehole OS packages in 2008. Samples from discrete and OS packages were analyzed for major, minor, and trace ions in seawater using standard ICP-OES, ICP-MS, IC, potentiemetric, colorimetric, and titration techniques (Table 1 and auxiliary material).
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[11] Thermal data were recorded in Hole 1301A using an autonomous temperature measurement and logging tool modified with a titanium pressure case and long-life battery (Onset HOBO model U12). This tool has an operating temperature range of −40°C to 100°C, temperature resolution of 0.02°C to 0.1°C, and nominal accuracy from the factory of 0.2°C-0.6°C at the temperatures encountered at depth. This tool was calibrated prior to subseafloor installation in a stirred fluid bath (Hart Scientific model 7011) capable of maintaining temperature stability of ±0.001°C to 0.01°C within a temperature range of 2°C to 80°C. Once the bath was stable at a target temperature, absolute bath temperature was measured using a National Institutes of Standards and Technology (NIST)-traceable resistance temperature device (RTD) probe (Hart Scientific model 1521) with an accuracy of ±0.001°C. The Onset tools were tested at eight bath temperatures, and new calibration coefficients were derived, providing absolute accuracy of 0.02°C for the temperature range encountered in Hole 1301A. A temperature measurement was logged every 90 min during the 4 year deployment.
Results
[12] The temperature tools deployed with the OS packages at Hole 1301A measured a range of temperatures (Figure 3) . Initially, the temperature in the borehole was that of bottom seawater, because drilling operations disturbed the natural thermal condition within the crust, cooling the crust with drilling fluids pumped into the borehole to remove cuttings. This cooler crust produced an underpressured zone that acted as a hydrothermal siphon, drawing additional seawater into the formation through the incompletely sealed borehole [e.g., Fisher and Wheat, 2010] . Earlier studies indicate a natural formation overpressure in upper basement in this area of ∼18 kPa [Davis and Becker, 2002] , so the excess pressure in the borehole created by the flow of cold seawater into the borehole had to exceed this pressure for the siphon to be sustained.
[13] The rate at which water flowed into the borehole decreased slowly over the next several years, as indicated by a rise in temperature in the borehole to 20°C to 30°C. Finally, during the period of 3-10 September 2007, the borehole temperature increased abruptly from ∼34°C to >60°C, indicating that warm formation fluid was flowing rapidly into the borehole, then up through the leaking annular gap between CORK casing strings and into the overlying ocean. This could occur only when the rate of downflow of cold fluid had slowed sufficiently so that the natural formation overpressure was able to reverse the flow direction in the borehole. A similar reversal in borehole flow conditions, from down to up, occurred in Hole 1026B within a few weeks of drilling [Fisher et al., 1997] . [14] Chemical data from the two OS packages differ primarily in that one is diluted with 6N HCl by design. The extent of this dilution is illustrated by the long-term record of Na concentrations ( Figure 4a ). Variations in the concentration between these two OSs indicate that the acid addition pump worked more efficiently (pumped faster) at higher temperatures until sufficient formation fluids entered the distilled water reservoir, affecting the pump rate. Nevertheless the rate of dilution is accounted for using the Na data, because there is little change (∼1%) between bottom seawater and hydrothermal concentrations of Na at this site. Once the data are corrected for dilution, data from both OS systems correlate well for most dissolved species (e.g., Mg (Figure 4b) ). In general, concentrations are near that of bottom seawater up to sample number 65 (50 mmol Mg/kg), preceding a drastic change in concentration to values that are similar to those in borehole fluids from Hole 1026B and spring fluids from Baby Bare outcrop by sample number 67 (6.4 mmol Mg/kg) [e.g., Wheat et al., 2004] .
[15] The calculated timing of this change is based on several factors. Typically, OSs are deployed such that the pump remains in a solution at a constant temperature; thus, the collection time of individual samples is calculated from the length of the deployment, number of samples, and start date. In this case the temperature was not constant. Fortunately, there is a well-defined relationship between temperature and pump rate, as determined during numerous laboratory and in situ experiments [e.g., Jannasch et al., 2004] (Figure 3 , inset). When this relationship is applied, the calculated number of samples is 290, much less than the number collected (407 samples from the acid addition OS and 473 samples from the tracer OS), indicating that the membranes pumped fluids faster than anticipated at some period during the deployment. Below we use the chemical data and observations from Hole 1026B to calculate a timeline for samples from both OSs.
[16] Similar OSs were deployed in Hole 1026B. Upon recovery of these OS packages, membranes in the acid addition (lower) pumps were completely missing or just the portion in contact with the epoxy remained, indicating that the formation fluid or microbes in the formation fluid effectively dissolved the cellulose-acetate membrane, terminating the "pumping" action at some point during the deployment. In addition, the epoxy that was used flowed. This change in epoxy character was later duplicated in the laboratory at 70°C. Given the state of the membranes and epoxy from the acid addition pumps from Hole 1026B, which were deployed in a constant 64°C environment for the entire 4 year deployment, the high temperature and fluid composition had an adverse effect on the pump rate in Hole 1301A. These effects also are manifested in the amount that the samples were diluted in the acid addition OS (Figure 4a ). This observation, coupled with Mn data that map one another for the two OSs from Hole 1301A ( Figure  4c ), indicates that the two pumps worked consistently and as designed until the temperature jumped to 64°C. On the basis of this interpretation, we assign times to each of the samples collected with the OS systems based on the recorded temperature and the relationship between temperature and pump rate (e.g., Figure 3 ), resulting in a calculated period of 1-10 September 2007 during which the major change in concentration occurs, similar to the timing of the observed temperature change ( Figure  5 ). Following this change in temperature, the sample pumps continued to work but at a faster pace than expected and at some point the acid Temperature data from Hole 1301A indicate that the borehole was initially cool because bottom seawater was drawn downward into the borehole through the annulus between casing strings. The formation warmed over the next 3 years to 20°C-30°C. During a period of 7 days (3-10 September 2007), the temperature jumped to 64°C, which is expected for upper basaltic crust in this area, as the natural formation overpressure overcame the borehole differential pressure generated by slowing downward flow of cool, bottom seawater into the borehole. As shown in the inset, laboratory tests and field deployments provide identical correlations between OsmoSampler flow rate and ambient temperature. This relationship is the basis for generating a time record associated with individual fluid samples collected using OsmoSamplers.
addition pump (lower) failed. Collection times for samples from this period are less certain. [18] Changes in hydrologic conditions similar to these have been observed during CORK installations in other basement holes. An initial differential pressure is generated by drilling and other operations when cold seawater is pumped into the formation to remove cuttings and during casing installation, resulting in the flow of cold dense seawater into the formation surrounding the borehole. Reestablishment of ambient pressure conditions requires that borehole fluid be warmed to the predrilling in situ temperature of the surrounding formation. The time that it takes for a borehole to return to its natural pressure and thermal state depends on several factors, and no clear generalizations exist. Two well-documented examples of holes drilled with shallow penetration (<50 m of basalt) into sediment covered basement highs, involving modest circulation of drilling fluids, returned to natural overpressured states within a week (e.g., ODP Holes 1026B and 1025C [Fisher et al., 1997; Davis et al., 1997] ). Another welldocumented example exists of a hole that was drilled more deeply (>100 m of basalt) into a sediment-covered basement high. This hole (Hole 896A) similarly returned to a natural overpressured state within 1 to 2 weeks after drilling operations ceased [Becker et al., 2004] . However, other boreholes, with a range of basaltic penetrations, required years or have yet to return to in situ conditions (e.g., Hole 504B [Becker et al., 1985] , Hole 395A [Becker et al., 2001] , Holes 1024C and 1027C [Wheat et al., 2003] , and Holes 1253A and 1255A [Solomon et al., 2009] ). Observed chemical changes in borehole fluids from Holes 1024C, 1027C, 1253A, and 1255A were gradual over many years; the time scale over which fluids reversed at Hole 504B has not documented. Because of the lack of a casing seal around the CORK in Hole 1301A, the return to in situ conditions was delayed by the continued draw of cold bottom water into the borehole. Nevertheless, the observed change in Mg concentration associated with the change in temperature confirms that in situ formation conditions did return eventually, with the final transformation occurring during a single week in September 2007.
[19] The tracer OS package not only collected the continuous record described above, it also pumped a tracer solution into the formation at the same rate that it collected fluids from the borehole. The tracer solution contained Cs, Yb, and Tm at levels that were expected to be measurable for reasonable dilutions resulting from the flow of fluid through the borehole [Fisher et al., 2005b] . Because of the complexities of the REE data, which are being published elsewhere, we focus only on the Cs data to constrain hydrologic properties of the upper crust. The tracer solution contained 3.7 mmol Cs/kg, more than six orders of magnitude greater than the seawater concentration (2.2 nmol Cs/kg (Table 1) ). The Cs data show slightly elevated concentrations in the tracer OS for the first year when temperatures in the borehole were <8°C (Figure 6 ). For the next 2 years the temperature increased to a range of 20°C to 30°C and Cs concentrations in the tracer OS increased. In September 2007, the Cs concentration recovered by the tracer OS is similar to that in formation fluids from Hole 1026B. In contrast, the acid addition OS has concentrations of Cs that are about that of seawater or formation fluid with no definitive input from the tracer solution (<5% of the seawater or formation fluid concentration).
[20] These data indicate that the area of the borehole from which the OS systems collected fluid is not well mixed. The outflow for the tracer OS is only 6 m above the intake for the acid addition OS compared to a 3 m distance for the intake of the tracer OS. The lack of vigorous vertical mixing is consistent with the OS systems being deployed inside perforated casing rather than being deployed in an open hole. There may also be some vertical compartmentalization of fluid flow associated with heterogeneity in basement properties, as indicated by wireline logs and hydrogeologic experiments [Bartetzko and Fisher, 2008; Becker and Fisher, 2008] .
[21] Although there was incomplete vertical mixing within the borehole, the Cs data do provide qualitative constraints for the rate that fluids were exchanged within the borehole. Assuming that the tracer is confined to a well mixed reservoir within a 6 m long section of casing centered on the OS outflow, only the tracer OS (and not the acid addition OS) will record the signal. The pump rate and concentration of Cs in the tracer solution is known as is the concentration at the intake of the tracer OS. On the basis of these parameters with the reservoir from above, we developed a simple box model with the only unknown being the volume of fluid that is replaced within this 6 m long reservoir every week. The volume flux was adjusted to fit the data, leading to a qualitative measure of flow consistent with interpretations of the pressure and temperature data.
[22] About 60% of the fluid in the restricted 6 m long portion of the borehole was exchanged every week during the first year of the deployment ( Figure 6a ). As the temperature increased during years 2 and 3 of the deployment, the rate of exchange between the sampled region and the borehole was greatly reduced (1% per week). This is consistent with the rate of flow down the borehole decreasing dramatically, which also helps to explain how the borehole fluid warmed during this [Becker et al., 1983; Fisher et al., 1997 Fisher et al., , 2008 . Calculated downward flow at 2 L/s and 0.2 L/s results in borehole temperatures of 4°C and 20°C, respectively, within the borehole where the temperature recorders were deployed. Also shown is a borehole temperature profile associated with upflow at 5 L/s, which would result from a combination of natural formation overpressure and additional buoyancy associated with warm fluid upflow, once upflow began. (c) Borehole differential pressures calculated as a function of downhole flow rate used in Figure 6b . The yellow band indicates a natural formation overpressure of 18-20 kPa [Davis and Becker, 2002] . Downflow at 2 L/s generates a differential pressure of 22 to 23 kPa, just enough to overcome the natural formation overpressure. Downward flow at 0.2 L/s generates a differential pressure of just 18 to 19 kPa. Thus, the slowing of downflow into Hole 1301A permitted flow reversal once the natural formation overpressure exceeded the differential pressured caused by downflow.
time. Prior to September 2007, the rate of fluid exchange increased from 1% to 15% of the sampled volume each week. Finally, after September 2007, the flow direction reversed such that fluids flowed from the formation into the borehole and vented at the seafloor. During this period, there was a lack of a significant Cs anomaly relative to the expected concentration in formation fluids, consistent with a nearly complete exchange of sampled borehole fluids each week.
[23] These idealized calculations based on the Cs data are consistent with flow and pressure conditions within the borehole that were calculated from the temperature data. We use the temperature data to calculate rough rates of fluid downflow into the formation during the first 3 years of the deployment, using transient fluid-heat exchange models [e.g., Becker et al., 1983; Fisher et al., 1997 Fisher et al., , 2008 . First, we require the temperature near the base of casing in Hole 1301Ato be 4°C, as observed during the first year of the deployment (Figure 3 ). This requires downward flow into the borehole at ∼2 L/s (Figure 6b ), similar to the rate of 2-5 L/s that was calculated during the same time for Hole 1301B about 36 m away . As the temperature in the basement warmed during the next 1 to 2 years, the calculated flow of seawater into Hole 1301A was reduced to ∼0.2 L/s. These calculations are idealized and approximate, but they illustrate that the rate of seawater flow into the borehole and formation must have decreased by about an order of magnitude within the first 3 years of the deployment. This result is broadly consistent with analysis of OS tracer data, which suggests that the rate of fluid exchange around the OS decreased by a factor of ∼60 during this period (Figure 6a ).
[24] A downward flow of seawater into the borehole at a rate of 2 L/s would generate an excess fluid pressure in the borehole relative to the formation of 22-23 kPa (Figure 6c ), slightly greater than the natural formation overpressure of 18-20 kPa expected for upper basaltic basement in this area [Davis and Becker, 2002; Fisher et al., 2008] . Left unrestricted, this cold dense seawater initiates a hydrothermal siphon, drawing additional seawater into the borehole [e.g., Fisher and Wheat, 2010] . However, as the formation warmed, downward flow into the borehole slowed from 2 L/s to 0.2 L/s, and the calculated differential pressure in the borehole dropped to 18-19 kPa, essentially identical to the formation overpressure. At some point, the hydrothermal siphon became unsustainable, and the formation fluid overcame the differential pressure of the borehole, reversing the flow direction and filling the borehole with formation fluid, which eventually discharges at the seafloor.
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Measure of Exchange, Reaction, and Contamination
[26] A measure of the reactivity of ions in the formation fluid (abiotic or biotic) is generally assessed by examining property-property plots of dissolved chemical species (Figure 8) . A conservative trend is indicated by a linear relationship between two end-members (bottom seawater and formation fluids in this case) with all of the data falling on the linear trend. Deviations from this trend indicate reaction within the sampled section. For example, the Ca-Mg relationship is linear, indicating that these two elements are conservative within the formation during the deployment (Figure 8a ). Given the low temperature (<10°C for almost the first 2 years of the deployment and a third year in the range of 20°C-30°C) and duration of reaction, compared to laboratory water-rock experiments that indicate sluggish reaction kinetics at similar temperature [Seyfried, 1977; Seyfried and Bischoff, 1979] , such conservative behavior between these two elements is expected. The insets in Figure 8a highlight data at both ends of the concentration spectrum, reinforcing their conservative nature and providing a visual measure of the analytical uncertainty. There are similar linear relationships between Mg and sulfate, Sr, Li, Na, chlorinity, B, and Mo within analytical capabilities, indicating that these ions are conservative within the borehole for the short duration of the deployment. These results cannot be generalized for ridge flank environments because elements such as Li, B, and Mo and sulfate are clearly nonconservative relative to Mg in ridge flank settings. This reinforces the idea that time is a critical factor in controlling seawater alteration within ridge flank environments.
[27] Typically, one observes a linear relationship between temperature and a conservative ion (e.g., Mg) in oceanographic/estuarine settings. However, in Hole 1301A the temperature-Mg trend is not linear, indicating either an increase in temperature for a given Mg concentration or an increase in Mg concentration for a given temperature (Figure 8b ).
There are no known sources for such an extensive increase in Mg for this environment; thus, heat must be added to borehole fluids. It is likely that the borehole fluid was heated by conduction more rapidly than the fluid composition changed through diffusion of Mg from the surrounding basement, because the thermal diffusivity is orders of magnitude greater than the diffusion of ions. Thus, if the flow of seawater into the basaltic crust occurs within small confined layers, cooling only a portion of the formation, as seawater inputs wane, the thermal mass of the formation warms the circulating formation fluid without adding a low-Mg altered fluid. The Mg-temperature plot indicates that once the formation fluid began to flow into the borehole and discharge at the seafloor, Mg and temperature became conservative with respect to each other, forming a linear mixing line.
[28] In contrast, other chemical species (e.g., Ba, K, Mn, Fe, Si, U, V, Rb, nitrate, and ammonium) exhibit nonlinear relationships with respect to Mg, consistent with these dissolved species reacting within the formation. For example, the K-Mg trend is consistent with the addition of K to formation fluids (Figure 8c ). One possibility is that this increase is related to an increase in mineral surface area from cuttings and the possible mobilization of these cuttings into and remaining within the formation; however seawater-basalt experiments at 25°C and 70°C for periods up to 1.3 and 0.5 years, respectively, do not show changes in the K concentration of the fluid [Seyfried, 1977; Seyfried and Bischoff, 1979] . Another possibility is exchange with clay minerals. Whatever the mechanism for altering K, the observed 2 mmol K/kg change is likely tied to a change in Na. We are not able to measure such a small change in Na concentration. Exchange with Ca is unlikely because a 1 mmol/kg Ca exchange reaction would be observed in the Ca-Mg relationship. Likewise, Rb and B data show the same trend as the K data, yet the Li data do not. [29] Other nonconservative elements that appear to have been added to the formation fluid include Ba, Mn, Fe, Si, and ammonium, probably due to reactions with drilling mud pumped into the formation, cuttings, steel casing, and perhaps diffusive inputs from overlying sediment pore waters. In contrast, U, V, and nitrate (nitrate is shown in Figure 8d ) are removed from solution. U and V are likely removed by inorganic adsorption reactions. In contrast, nitrate is likely removed by microbial denitrification. Denitrifiers are common in bottom seawater and are introduced to the formation during drilling operations and by the hydrothermal siphon that developed post drilling. At low temperatures (<8°C) the biogenic removal flux of nitrate is low compared to the convective flux of seawater that flows into the hole ( Figure 7 ). As the formation warms, seawater input fluxes wane and microbial processes remove nitrate from borehole fluids. Once the borehole rebounds and produces natural formation fluids, no nitrate is observed in fluids collected with the OSs because the formation fluid is nitrate depleted; thus, denitrification within the borehole ceases. These data constrain the period of possible denitrification reactions.
[30] Fe also is involved in microbial metabolic pathways, and it is abundant within the borehole. The Fe data show no definitive change associated with the September 2007 flow reversal (Figure 7) . Instead, Fe data show sporadic changes in concentration with a peak concentration of 70 mmol/kg in the acid addition OS. This concentration is well above the concentration expected for uncontaminated formation fluids (<0.05 mmol Fe/kg (Table 1) ) and highlights the contaminated nature of borehole fluids circulating within uncoated, perforated, low alloy, steel casing. The abrupt change in concentration in the acid addition OS around March 2008 coincides with the acid addition pump ceasing to operate. In contrast, the tracer OS shows sporadic concentrations after September 2007. The different data sets highlight the need for an acid addition sampler and either coated steel or fiberglass casing [e.g., Orcutt et al., 2010] to acquire meaningful Fe data within deep-sea boreholes.
[31] Most of the observed chemical changes mentioned above have been attributed to conservative mixing, disturbances resulting from drilling operations, or microbial processes. Another possible reaction mechanism is seawater-basalt exchange. Seyfried [1977] conducted water-rock experiments at 25°C for a duration of 1.3 years. He observed CO 2 uptake, possible Ca release (only in the experiments with hydrocrystalline basalt and not in the experiment with basaltic glass), and the release of Si (∼200 to 230 mmol/kg) and Mn (2 to 4 mmol/kg) to the fluid. The starting fluid in his experiment was essentially devoid of Si. On the basis of these experiments and our results, we see a clear indication of water-basalt reactions during the cool period (<30°C) in Hole 1301A from the Mn data ( Figure 7 ). Mn concentrations during Seyfried's [1977] laboratory experiment at 25°C are consistent with the range of 2 to 8 mmol/kg for fluids collected by the OSs (Figures 4 and 7) . Variability during this period, and the lack of variability during the later period influenced by warm (64°C) hydrothermal fluids discharging from the borehole, indicate ongoing, possibly microbial, reactions involving Mn in addition to water-rock reactions.
[32] The Si data also indicate the presence of waterbasalt interactions during much of the deployment; however, a more involved discussion is warranted because, like the Fe data, the dissolved Si data from the two OS are different and less than those measured in laboratory experiments [Seyfried, 1977] ( Figure 9 ). The initial Si concentration in the acid addition and Tracer OSs is that of bottom seawater, well below the saturation concentration of amorphous silica and similar to the saturation concentration of chalcedony [Walther and Helgeson, 1977] . Si trends before September 2007 are intriguing, with the two data sets generally tracking one another until March 2007 at which point concentrations decrease relatively monotonically to 0.14 mmol/kg at a temperature of ∼24°C, lower than the solubility of chalcedony and alpha cristobalite, but in the range of quartz solubility. Si concentrations in both OSs continue to decrease until the September 2007 flow reversal (0.13 mmol/kg in the acid addition OS and 0.06 mmol/kg in the tracer OS). These decreasing concentration trends, with increasing temperature and solubility of Si polymorphs, point to the slow kinetics of reaction within basaltic basement at temperatures <30°C. We conclude that the in situ concentration of dissolved silica within basaltic crust is in equilibrium with quartz at temperatures above ∼20°C, consistent with the data between March and September 2007 and the relatively long residence time (tens to hundreds of years) that are anticipated for formation fluids in ∼20°C ridge flank hydrothermal systems. Between 8°C and 20°C the Si concentration is less than the chalcedony equilibrium value. Given enough time, the Si concentration within this temperature range would probably tend toward equilibrium with quartz and given that fluids from Baby Bare springs are in equilibrium with quartz, we expect formation fluids from cool to warm (>∼8°C) ridge flank hydrothermal systems to be in equilibrium with quartz, because of the anticipate long residence time for such systems. In contrast, for conditions cooler than ∼8°C, Si concentrations are above the value in equilibrium with chalcedony and equal to that in bottom seawater, suggesting that cold (<∼8°C) ridge-flank hydrothermal systems with short fluid resident times (e.g., Dorado outcrop [Wheat and Fisher, 2008] ) and cool temperatures in upper basaltic basement will maintain seawater Si concentrations, excluding significant diffusive fluxes from overlying sediment pore waters.
[33] In accordance with the discussion above, after September 2007 when borehole temperatures were much warmer, we anticipate a Si concentration in the borehole to be that of Baby Bare springs (0.36 mmol/kg) in equilibrium with quartz. However, Si concentrations are much higher with samples in the acid addition OS being in equilibrium with chalcedony. This high concentration coupled with the high ammonium concentration, well above that expected for in situ formation fluids, is consistent with a sediment-like source. This source is not necessarily pore waters from the sediment-basalt interface, because other ions such as sulfate would be affected and are not. Instead the source is likely the result of reaction with drilling products (e.g., cuttings and muds) that penetrated the permeable basaltic matrix during drilling operations and also may have affected K, Rb, and B concentrations. During the early stages of the deployment, seawater flowed into the borehole and out into the formation with the OS recovering boreholes fluids that had minimal interaction with the crust. In contrast, after downhole flow ceased, formation fluids flowed into the borehole past the OS and eventually discharged at the seafloor. Thus, during this later warmer period we might anticipate more of an influence from drilling related products.
[34] Although the source for these changes is not known, we have more insight into the Si dynamics.
It is interesting to note that Si data from the tracer OS did not rise as high (∼1.17 mmol/kg in the acid addition OS compared with ∼0.5 mmol/kg in the tracer OS). This difference is accounted for by the formation of Si polymerization in the unacidified and undiluted samples of the tracer OS followed by the removal of these polymers by adhesion to the sample tubing [e.g., Butterfield et al., 1990; Choppin et al., 2008] . The formation of Si polymers is kinetically slow, consistent with a greater difference in concentration between the two OSs with increasing time within the sample tubing. Also note that this reaction is Si concentration dependent; thus, earlier records, when concentrations are low, are unaffected, resulting in the tracer and acid addition OS records matching.
[35] Similar to Si, Ba concentrations differ in the two OSs after September 2007; however, the tracer OS has a higher Ba concentration than the acid addition OS. Nevertheless, trends and final concentrations are similar and consistent with values from formation fluids at ODP Hole 1026B, which are undersaturated with respect to barite. The cause for this difference in the two OSs is unknown, but probably stems from compartmentalization within borehole (as described above) and the influence of drilling products. Another possibility is that these data reflect sampling biases and potential reaction within the sample coils. This is not the case, given that shortly after the September 2007 flow reversal, fluids in the OSs reached Ba concentrations of 1.5 mmol/kg and 1.1 mmol/kg in the tracer and acid addition OSs, respectively. Samples in the tracer OS are in equilibrium with barite, whereas samples from the acid addition OS are slightly undersaturated [Monnin et al., 2001 ]. Fluids from both samplers then tend toward values that are significantly undersaturated (SI ∼ 0.5) with respect to barite at in situ temperature and pressure, yet significantly supersaturated (SI ∼ 2.5) with barite at shipboard conditions, indicating that there is no significant barite precipitation during sampling that would bias our results [Monnin et al., 2001] .
Path of Chemical and Microbial
Change in a Warm (40°C-70°C) Ridge Flank Hydrothermal System [36] Observed changes in formation fluids from Hole 1301A after drilling provide an analog for chemical and microbial processes that are anticipated within the recharge zone of a warm, ridge-flank hydrothermal system. Seawater flows naturally into the basaltic crust at Grizzly Bare outcrop, ∼52 km to the SSW of Baby Bare outcrop Fisher et al., 2003] . Along this transect a continuum of chemical change occurs as the fluid ages and warms before venting at Baby Bare and Mama Bare outcrops.
[37] Recharging seawater warms as it descends into the basaltic crust. Initially, this seawater, which is now formation fluid, warms slightly (<10°C) and microbes contained within seawater continue to consume dissolved oxygen, probably utilizing dissolved organic carbon in bottom seawater. On the basis of previous work [e.g., Wheat and Fisher, 2008] , diffusive exchange with overlying sediment pore waters may affect concentrations of those dissolved species that are highly reactive in the sediment (e.g., Si and ammonium). Two species that are likely removed within basaltic crust in this cool setting are phosphate and DIC; both are removed in low-temperature ridge flank hydrothermal settings [e.g., Wheat and Fisher, 2008] , and DIC is removed in laboratory experiments at 25°C [Seyfried, 1977] . Flow must be rapid enough to maintain the low temperature, given the regional context of a warm permeable upper crustal reservoir that maintains a constant temperature at the sediment-basalt interface [e.g., Davis et al., 1992] . Such rapid fluid flow likely limits organic carbon sources for subseafloor microbial populations to carbon available in bottom seawater.
[38] The slightly altered seawater/formation fluid continues to warm as it descends further into the crust and flows laterally away from the seafloor basement outcrop. This likely occurs in the direction guided by fracturing and faulting, which in this setting is roughly parallel to the present ridge axis to the west. At some point dissolved oxygen is entirely consumed and microbial denitrification occurs. Fluid-basalt reactions begin to have an effect on Si and Mn concentrations in the formation fluid, but diffusive exchange with overlying pore waters likely dominates changes in the chemical composition of the formation fluid.
[39] Fluid-basalt reactions are slow at 20°C-25°C, but as the formation warms farther from Grizzly Bare, fluid-basalt reactions begin to dominate the fluid composition for most ions. This portion of the chemical continuum is lacking from the Hole 1301A data, because seawater-basalt rates of reaction are slow at temperatures <50°C, requiring a much longer experiment to document fully the chemical continuum. Nevertheless, data from Hole 1301A do provide some constraints for the transition from cool fluids to those warmer than 60°C. For example, all of the nitrate that was originally in these warm fluids has been consumed. Also, secondary clay formation is prominent in permeable veins, removing Mg from seawater in a process that increases the dissolved Ca concentration while maintaining charge balance. This highCa concentration then removes additional dissolved inorganic carbon [e.g., Sansone et al., 1998 ] as carbonate veins. Despite a dominance of fluidbasalt reactions, concentrations for some dissolved species (i.e., sulfate) continue to be dominated by diffusive exchange with overlying sediment pore waters.
[40] Once seawater, which was introduced into the crust at Grizzly Bare outcrop, reaches Baby Bare outcrop, Hole 1301A, and Hole 1026B, it has resided within warm (∼64°C) crust for tens to hundreds of years [Elderfield et al., 1999; Walker et al., 2008; Sanford, 1997; Stein and Fisher, 2003 ]. This seawater is no longer oxic and it is highly altered by inorganic and microbial processes. Along this flow path, the microbial community likely evolves from one that is dominated by bottom seawater endemic microbes, to one that is influenced by bottom water, sediment-hosted, and endolithic subsurface microbial communities. In the absence of empirical data on microbial community composition, we predict that the communities will most likely resemble those recovered from similar systems [Cowen et al., 2003; Huber et al., 2006; Nakagawa et al., 2006;  
Conclusions
[41] Drilling IODP Hole 1301A perturbed the natural hydrogeologic system within the upper basaltic crust. This disturbance resulted in a hydrothermal siphon that drew bottom seawater into the borehole and into the surrounding formation. This siphon was maintained for several years at decreasing rates, as the formation warmed and the differential pressure in the borehole was reduced. After several years of decreasing flow into the borehole, in situ thermal conditions returned and the natural formation overpressure caused warm (64°C), highly altered and reducing formation fluids to flow into the borehole and discharge at the seafloor. The progression of borehole thermal and chemical conditions was monitored with autonomous instruments deployed within a long-term, subseafloor, borehole observatory. Shore-based chemical analyses of fluids collected with continuous fluid samplers (OsmoSamplers) document changes in the composition of the borehole fluid, and the relative rates of fluid exchange between the borehole, formation, and the overlying ocean.
[42] Initially, seawater flowed in to the borehole cooling it. The composition of the formation fluid during this period was nearly identical to bottom seawater. As the fluids warmed to 20°C-30°C, they became slightly altered, consistent with laboratory experiments with a similar duration and temperature. Furthermore, microbial processes removed nitrate from these fluids. In September 2007, the hole began to produce formation fluids, returning to a more natural compositional state during a 1 week period. These warm (64°C) fluids are highly altered, and chemical concentrations of the fluids generally fall within the range of concentrations defined by Baby Bare springs to the SSW, representing younger less altered fluids along the presumed flow path; and Hole 1026B to the NNE, representing older more altered fluids along the same flow path. Deviations from this general range are thought to result from reactions with casing steel and drilling products, which found their way into the basaltic formation during drilling operations and remained, reacting with formation fluids.
[43] Thermal and chemical data from a tracer experiment are consistent with a decrease in seawater inflow after the initial year of deployment when the borehole warmed to 20°C-30°C. During this period, the inflow of seawater was sufficiently slow such that microbial denitrification consumed the available nitrate, similar to sediment-hosted microbial communities. This consumption of nitrate enables the growth and succession of microbial communities and species that dominate in reducing environments. Such changes provide a basis for a conceptual model for chemical and microbial evolution as seawater enters basaltic crust naturally and flows within the crust, mining heat and affecting chemical and physical properties of the crust before venting to the oceans.
[44] Monitoring chemical and thermal changes after drilling at Hole 1301A has provided a wealth of information pertaining to hydrologic Becker and Fisher, 2008] , geochemical, and microbial (e.g., Orcutt et al., submitted manuscript, 2010) conditions and processes within the crust. The eastern flank of the Juan de Fuca Ridge is an excellent location for such studies, because the natural conditions within the crustal formation fluid are markedly different than bottom seawater, making it relatively easy to document thermal, chemical, and microbial changes and processes. However, much of the heat loss and fluid flow through the oceanic crust occurs through cooler crust, where formation fluids are less altered relative to bottom seawater. We have yet to explore such hydrothermal systems in detail, as is now possible using long-term, borehole observatories.
